Ar/Ar ages determined on rocks and minerals from the Camagü ey area in central Cuba provide age constraints on events that accompanied the northward migration of Cuba into the Caribbean region and its subsequent collision with the Bahamas Bank. Whole-rock samples from the Camujiro and Piragua Formations, part of the Camagü ey volcanic sequence, yielded Ar/Ar ages of 74-72 Ma, distinctly younger than the 100-80-Ma ages indicated by fossils in interlayered sedimentary rocks. Syenite and granodiorite in the Camagü ey batholith, which cut these volcanic rocks, yield generally similar Ar/Ar ages of 75-72 Ma for hornblende, biotite, and feldspar. These ages are interpreted to reflect relatively rapid uplift and cooling of most of the volcanic-intrusive arc. Additional constraints on the timing of this uplift are provided by Ar/Ar ages of 71-75 Ma for rhyolite-rhyodacite domes of the La Sierra Formation and 52 Ma for andesitic basalt of La Mulata Formation, which appear to have been emplaced onto erosion surfaces that resulted from this uplift. An average cooling rate of about 13ЊC/Ma, which prevailed during formation of the arc between about 96 and 80 m.yr., increased to about 40ЊC/Ma after 80 Ma and ended with formation of a paleosurface at about 75 Ma or slightly afterward. The rapid uplift and denudation arc necessary to form a Late Cretaceous paleosurface on the volcanic-intrusive probably required an extensional tectonic environment, which could have been created during oblique convergence of the Greater Antilles arc with Yucatan as the arc migrated northward in Late Cretaceous time. Metamorphic rocks in the Escambray and Isle of Pines areas in western Cuba have ages similar to those indicated for uplift in the Camagü ey area, suggesting that extension and related Late Cretaceous paleosurfaces were widespread in the western Greater Antilles during its northward migration into the Caribbean region.
Introduction
In this study, we have used Ar/Ar geochronology to determine the age of volcanic and intrusive events in the Camagü ey area of central Cuba, which provides an important window to the complex series of events that placed the Greater An- displacement along the Cayman Trough resulting from this collision separated Cuba from the eastern part of the arc in Eocene time (Iturralde-Vinent 1994; Pindell 1994; Kerr et al. 1999) , preserving a record of this complex history in the Camagü ey area.
In our study, we were particularly interested in testing the possibility that Cuba underwent rapid uplift and unroofing at the close of Cretaceous time. Earlier K-Ar age measurements in the Camagü ey area had been interpreted to represent commencement of volcanism at about 120 Ma, emplacement of plutons between about 120 and 70 Ma, and deformation related to the collision of Cuba with other terrains between about 70 and 55 Ma (Bralower and Iturralde-Vinent 1997; IturraldeVinent 1998) . Complications for this simple history were indicated by discovery of the Jacinto epithermal gold deposit in the Camagü ey province ( fig.  2 ), which formed in the volcanic-intrusive complex at about 71 Ma (Simon et al. 1999 ). The Jacinto deposit, which formed within a few hundred meters of a paleosurface, is immediately adjacent to essentially coeval intrusive rocks in the complex that were emplaced at a depth of several kilometers (Iturralde-Vinent 1998). The close juxtaposition of the deposit and intrusive rocks, with no known intervening fault, indicated either that the existing age control was incorrect or that the volcanicintrusive arc underwent rapid unroofing near the end of Cretaceous time.
Geologic Setting of the Cuban Volcanic-Intrusive Arc
Cuba is made up largely of three major belts that parallel the length of the island ( fig. 1 ). Along the north coast is a belt of carbonate and clastic sediments of the Jurassic to Late Eocene-age Bahamas platform (Khudoley 1967; Meyerhoff and Hatten 1974; Pardo 1975; Kerr et al. 1999) . Rocks of the Bahamas platform belt were overthrust from the south by a belt of ophiolite mé lange interpreted to represent the marginal sea or back-arc basin that closed during Cuba's northward migration (Bralower and Iturralde-Vinent 1997; Iturralde-Vinent 1997 Kerr et al. 1999 ). On its south side, the ophiolite mé lange is overthrust by a belt containing the main Cretaceous volcano-plutonic arc that forms the axis of the island. A younger, east-west trending Paleogene volcanic arc that makes up the Sierra Maestra covers these rocks at the eastern end of the island ( fig. 1 ). The only other major lithotectonic units on the island, the Guaniguanico, Escambray, and Los Pinos metamorphic terrains ( fig.  1 ), consist of Jurassic to Cretaceous age deformed and metamorphosed rocks that were probably derived from the Yucatan peninsula during its northward migration (Kerr et al. 1999; Grafe et al. 2001 ).
In the most recent attempt to place Cuba into a plate-tectonic context, Kerr et al. (1999) suggested that volcanism began in two widely separated Cretaceous-age (Neocomian-Aptian) volcanic arcs. A southern arc consisting of island-arc tholeiite and calc-alkaline rocks and a northern arc consisting of boninite, formed during north-and south-directed subduction, respectively, beneath the proto-Caribbean plate. The primitive boninite arc had become inactive, partly eroded, and subjected to northdirected thrusting by Albian-Coniacian time, possibly during oblique collision with the Yucatan peninsula, whereas the tholeiite-calc-alkaline arc remained active, migrated northward to collide with the primitive boninite arc by Santonian-Early Campanian time. Collision of the combined arcs with the Bahamas platform began in Late CampanianMaastrictian time and continued into Middle Eocene time when the faulting and subduction along the Cayman Trough cut off Cuba from the rest of the Greater Antilles and formed the Paleogene volcanic arc (Kerr et al. 1999 ).
Analytical Methods Used in This Study
Hornblende Barometry.
Hornblendes used for barometric estimates were analyzed with Cameca Camebax and Cameca SX-100 electron microprobes operating at 15 kV and 10 nA. To minimize migration of light elements during analyses, Na was one of the first elements analyzed. Five spots were analyzed from rim to core in individual grains, and no significant zonation was found. Structural formulas of the amphiboles were calculated from microprobe data following the method outlined in Leake et al. (1997) . Cations were normalized so that their sum (excluding Ca, Na, and K) was 13 as required for the Schmidt (1992) and Anderson and Smith (1995) barometers. For the Hollister et al. (1987) and Johnson and Rutherford (1989) barometers, cations were normalized to 15 (excluding Na and K). Fe 3ϩ was calculated so that the number of oxygens totaled 23. For the Hammarstrom and Zen (1986) barometer, all Fe was assumed as Fe 2ϩ , and oxygens were normalized to 23. Amphiboles in the analyzed samples were calcic as defined by Leake et al. (1997 Leake et al. ( , p. 1022 pers. comm., 2002) . Representative analyses and structural calculations based on the 13-cation procedure, along with pressures calculated using the different calibrations, are shown in table 1.
Ar/Ar Geochronology.
Intrusive rocks used for Ar/Ar analysis were sufficiently coarse-grained to allow separation of biotite, hornblende, and feldspar for analysis. Samples of the main volcanic formations of the Camagü ey arc were too altered and did not contain minerals suitable for Ar/Ar analysis and were analyzed as whole-rock samples. Unlike mineral separates, whole-rock samples are intimate mixtures of fine-grained minerals with contrasting K and Ca contents. Because of possible Ar isotope recoil artifacts, we adopted the "reduced plateau age" method of Turner et al. (1978) , which involves elimination of low-temperature gas fractions that show obvious signs of radiogenic 40 Ar loss and calculation of an integrated age from the remaining fractions. This technique minimizes the effects of internal redistribution of 39 Ar, 36 Ar, and 37 Ar due to recoil artifacts. We refer to such an age in this article as a reduced integrated age.
The appendix (available in the online edition of the Journal of Geology and from the Journal's Data Depository in the Journal of Geology office upon request) includes a table with the Ar isotope measurements for all of the samples in this study as well as a complete set of age spectra diagrams (figs. A1-A15). Samples used for Ar/Ar geochronology were irradiated in three separate packages at site L67 in the University of Michigan Phoenix-Ford nuclear reactor. The irradiations are labeled MI78, MI81, and MI82 in the appendix and were for 48, 60, and 60 h, respectively. Mineral separates were run as single crystals, and the whole-rock volcanic samples were analyzed as small ∼1-mm chunks. Samples were wrapped in pure Al foil and irradiated within sealed evacuated fused silica tubes. Samples and standard minerals were analyzed using an Arion continuous laser fusion system with a maximum power of 5 W operating in multiline mode.
Step heating was performed by shining the defocused laser beam onto individual grains for a duration of 60 s. The released gas was purified using an LN 2 cold trap and two SAES 10 L/s ST-101 getter pumps. After a total isolation time of 3 min, the gas was let into a VG-1200S mass spectrometer operating at 100 mA emission current that is equipped with a Faraday and Daly detector. Each Ar isotope Sample number C-00-5A C-00-5B C-00-9 C-00-10 C-00-17 C-00-18 C-00-20 was measured 12 times, and isotope measurements were extrapolated to inlet time. The Daly detector was used for all runs except those in which an excessively strong signal required use of the Faraday detector. In these cases, a gain value for the Daly was measured either during or at the end of the run. Mass discrimination of the entire sourcedetector system was monitored daily using 2E-9 mL STP (standard temperature and pressure) of air Ar and correcting the measured 40 Ar to 36 Ar ratio to 295.5.
Laser fusion system inlet blanks were monitored once every five steps, and typical blank levels were 6E-13, 6E-13, 2E-13, 4E-13, and 4E-12 mL STP for masses 36-40, respectively. The rate of rise at mass 40 was typically 1E-12 mL STP per min. Ar isotope measurements were corrected for decay of 37 Ar and 39 Ar, plus the buildup of 36 Ar from the decay of 36 Cl, and interfering nuclear reactions from Ca and K.
Sample isotope values are blank corrected. Samples were interspersed with standard mineral flux monitor packets, and the "J" parameter measured at each standard position was used to create a J value as a function of position for each irradiation. All ages are quoted relative to a K-Ar age of 520.4 Ma for standard hornblende MMhb-1 (Samson and Alexander 1987) , and quoted errors for total-gas ages and plateau ages include error estimates for the measured value of J. The error in J includes measurement errors for the individual standards, includes errors in the J function parameters, and takes into account scatter of the J measurements about the fitted function. All errors are quoted at the 1j level of confidence. This level of confidence is used because it is the most useful for calculation and for the construction of Gaussian-age histograms. For the purposes of 95% confidence interval comparison with other articles, it will be necessary to double our age error estimates. A summary of our 40 Ar/
39
Ar data is given in table 2. Although Ar isotope correlation diagrams were examined routinely for our samples, given the age of the samples and their typically low 36 Ar content, we do not include these diagrams because they are incapable of resolving differences of initial Ar from an assumed air component. These diagrams can be reconstructed from the raw data provided in the appendix.
Geology of the Camagü ey Area
The Cretaceous-age volcanic-intrusive arc around the city of Camagü ey has been mapped by numerous groups, all of which were hampered by the paucity of outcrops, deep weathering, and lithologic similarity of many rocks (MacGillavry 1937; Wessen 1943; Flint et al. 1948; Furrazola-Bermudez et al. 1964; Tchounev et al. 1986; Iturralde-Vinent et al. 1989; Piñ ero 2000) . Currently accepted volcanic units and ages (inferred largely from fossiliferous carbonate interlayers) and intrusive facies are summarized in figure 3, along with our suggested changes as discussed subsequently. Figure 2 shows the generalized distribution of most volcanic units in the area, and figure 4 shows the distribution of intrusive facies within the Camagü ey batholith, as well as the location of all samples used in this study.
Intrusive Rocks. Distribution and Units. Intrusive rocks that comprise the Camagü ey batholith crop out over an area of about 1350 km 2 in 12 separately named intrusive bodies ( fig. 4 ). Cuban geologists have subdivided the batholith using a combination of contact relations, rock compositions, and widely separated isotopic age measurements (discussed subsequently). Pé rez and Sastroputro (1997) recognized four compositional phases, including gabbro-plagiogranite, syenite, granodiorite, and gabbro-monzonite, which were believed to extend in age from Aptian to Campanian. Marí (1997) divided the batholith into a granodiorite phase equivalent to the granodiorite phase of Pé rez and Sastroputro (1997), a gabbro-syenite phase equivalent to their syenite and gabbro-monzonite phases, and a plagiogranite phase equivalent to the oldest gabbro-plagiogranite phase of Pé rez and Sastroputro (1997) . A more felsic and locally porphyritic facies of the granodiorite, known as the Maraguá n phase, is found in small outcrops north of Guá imaro ( fig. 4 ). Marí (1997) included in her gabbro-syenite two phases of apparently different ages from the classification of Pé rez and Sastroputro (1997) , providing an indication of the uncertainty in age relations among the intrusive phases. SiO 2 versus diagrams for intrusive rocks in Na O ϩ K O 2 2 the batholith as divided by Marí (1997) show different trends, suggesting that all intrusive phases are not strictly comagmatic ( fig. 5 ).
Hornblende Barometry. In an effort to recognize geologically significant divisions of the Camagü ey batholith, we carried out reconnaissance barometric measurements using the aluminum content of hornblende. This method is based on the pressure dependence of total Al content of amphibole in granitic rocks (Hammarstrom and Zen 1986; Hollister et al. 1987) . The barometer was originally calibrated using hornblende analyses and pressures inferred from mineral assemblages, and experiments with natural rock materials improved the calibration and extended it to higher pressures (Johnson and Rutherford 1989; Schmidt 1992; Anderson and Smith 1995) . The method is semiquantitative at best because of a lack of information on the mineral reactions that reflect changing pressure, and this limits its application to rocks with compositions similar to those used in the experiments. Anderson and Smith (1995) Fe ϩ Fe Fe ϩ Mg) tot those used in their calibration. Hollister et al. (1987) suggested that the pressure-sensitive equilibrium is 2 quartz ϩ 2 anorthite ϩ biotite p but did not use tschermakite ϩ K-feldspar it directly. Ague (1997) suggested that the controlling reaction was tremolite ϩ phlogopite ϩ 2 anorthite ϩ 2 albite p 2 pargasite ϩ 6 quartz ϩ and showed that it yielded pressures ∼0.5 K-feldspar kbar greater than the calibration of Johnson and Rutherford (1989) and ∼1 kbar lower than that of Schmidt (1992) .
To fulfill the requirements of the phase rule for calc-alkaline magmatic systems, calibrations of Hammarstrom and Zen (1986) and of Hollister et al. (1987) require the presence of plagioclase, quartz, hornblende, biotite, orthoclase, magnetite, and sphene along with a melt and vapor phase. The reaction proposed by Hollister et al. (1987) involves quartz, plagioclase, biotite, orthoclase, and hornblende. Hammarstrom and Zen (1986) noted that quartz should be present to eliminate a SiO2 as a variable because the Al content of hornblende is negatively correlated with its Si content. The Anderson and Smith (1995) barometer also requires Fe tot / ( ) ratios of amphiboles between 0.40 and Fe ϩ Mg tot 0.65. Camagü ey intrusive rocks meet most of these requirements, except that samples C5A, 5B, and 18 contain only biotite. Because biotite is on the lowpressure side of the reaction, results from samples without biotite (C-00-9, 10, 17, 20) provide only a lower limit to the possible range of pressures.
Pressures obtained for the Camagü ey samples agree surprisingly well for all versions of the barometer except that of Johnson and Rutherford (1989) , which yields pressures that are about 0.5 kbar lower (table 1) . Average pressures range from 2.3 to 6.5 kbar and fall into three groups. Samples C-00-05B, 10, 17, and 18 yield pressures between 2.1 and 2.8 kbar that are, within analytical error, essentially the same and indicate depths of about 5-9 km. These samples come from the main granodiorite facies of the batholith, either in the large Sibanicú -Las Tunas outcrop or the smaller Siboney outcrop directly to the northwest. Note that samples C-00-10 and 17, which lack biotite, yield minimum pressures that agree with the pressures indicated by the other samples. The small granodiorite pluton at La Unió n (C-00-09) yields a higher pressure of 4.8 kbar, indicating depths of about 13-15 km, and the mafic cumulate(?) phase of syenite from Jimbambay yields a pressure of 6.5 kbar, equivalent to a considerably greater depth of about 18-20 km.
In view of the uncertainty about mineral reactions controlling the aluminum-in-hornblende barometer, it is unlikely that pressure values quoted here are quantitatively correct. For instance, emplacement depths of 18-20 km would require high wallrock temperatures that have not been reported around the Jimbambay intrusion. This anomaly could indicate that the Jimbambay sample (C-00-20) is an autholith from deeper in the system or that it has undergone postmagmatic formation of hornblende, which rims clinopyroxene in this sample. However, the pressure differences are consistent with suggestions made previously that La Unió n pluton is not a simple extension of the Camagü ey batholith but rather a separate intrusion and that the syenite phase of the batholith was emplaced early and/or at deeper levels than the granodiorite.
Volcanic Rocks. Main Volcanic Sequence. Volcanic rocks in the Camagü ey area have been divided into three sequences. The oldest is the preCamujiro sequence ( fig. 3 ) consisting of deepmarine volcanic, volcaniclastic, and carbonate rocks, with Albian-Aptian fossils, intersected in a drillhole southeast of the city of Camagü ey. This pre-Camujiro sequence has been correlated with the Matagua and Los Pasos Formations in the Santa Clara area to the west of Camagü ey ( fig. 1 ) and is considered to be equivalent to island-arc tholeiites (primitive arc sequence) that form the basal part of the volcanic arc elsewhere in the Caribbean (Donnelly and Rodgers 1980; Donnelly et al. 1990; Lebron and Perfit 1993, 1994; Iturralde-Vinent 1996c Kerr et al. 1999) .
The overlying Camujiro Formation (figs. 2, 3) consists of up to 4000 m of locally pillowed potassic basalt, as well as andesite and latite flows, tuffs, and agglomerates (Iturralde-Vinent 1996b). Limestone lenses believed to be in the lower part of the formation contain rudists of late Albian age, and the upper part might extend in age from Albian to Turonian (Rojas et al. 1992; Iturralde-Vinent 1996b) . Marí (1997) suggested that the Camujiro Formation is part of the Caribbean island-arc tholeiite series, but Kerr et al. (1999) include it in the overlying calc-alkaline series.
Although definitive contact relations are not known, the Camujiro Formation is probably overlain by the Aguilar, Piragua, and Caobilla Formations (figs. 2, 3), which consist largely of calcalkaline volcanic and interlayered sedimentary rocks. The Caobilla Formation consists of intermediate to felsic submarine and subaerial lavas, with some tuffs and limestone lenses, whereas the Piragua Formation consists mainly of tuffaceous rocks with local lavas and limestones. The two units crop out in the same general area (figs. 2, 6), with the Caobilla Formation interpreted to have formed along the axis of the volcanic arc and the Piragua Formation south of the axis (IturraldeVinent 1996a). The Aguilar Formation, which is found south of the Camagü ey area along with other units ( fig. 2) , consists of fine-grained tuffaceous and sedimentary rocks with radiolarian cherts and is Note. All ages are relative to an age at 520.4 Ma for standard hornblende MMhb-1 (Samson and Alexander 1987) . a These plateau ages were calculated as error-weighted averages over at least 50% of the 39 Ar release. The MSWD of the mean is !2, and scatter about the mean is included in the error estimate. b This plateau age was calculated as in footnote a above. The higher age may be the result of "excess" Ar or may represent a higher blocking T for that particular grain. It is a rare case where a replicate analysis is seriously at variance with the other runs. c The mafic volcanic samples in general do not have "plateaus" in the strict sense, which would pass a x 2 test. They do, however, display age spectral features that are consistent with internal redistribution of 39 Ar due to recoil, which is not surprising given both their fine-grained texture and the significant contrast in K content within the groundmass minerals. Therefore, we have adopted the method of Turner et al. (1978) , and we have calculated a "reduced integrated age" by summing the gas volumes over the high-temperature portion of the age spectrum. In this way we are attempting to minimize the effects of Ar loss while averaging out any possible recoil artifacts. believed to have been deposited farthest south of the axis (Iturralde-Vinent 1996a) .
No fossil age control is available for the Caobilla Formation (Iturralde-Vinent 1998). The Piragua Formation contains limestone lenses with Santonian and Campanian-age rudists and is overlain unconformably by limestones of the Late Campanian(?)-Maastrichtian Durán and Jimaguayú Formations, indicating an age of Coniacian(?)-Campanian. The Aguilar Formation contains limestone and tuff lenses with Santonian-age marine fossils (IturraldeVinent and de la Torre 1990; Rojas et al. 1992; Iturralde-Vinent 1996b) .
La Sierra and La Mulata Formations. Two additional volcanic units in the Camagü ey area, La Sierra and La Mulata Formations, are commonly included in the uppermost part of the Cretaceous volcanic sequence, although our work suggests that they do not belong there ( fig. 3 ). La Sierra Formation consists of massive to flow-banded rhyolite and rhyodacite that form an east-west belt about 90 km long, oblique to the Camagü ey batholith outcrop belt (figs. 3, 6) . La Sierra rhyolite and rhyodacite have been interpreted as subaerial bodies that were erupted in the final stages of the volcanic arc, probably as a surface reflection of the main stage of granite intrusion (Iturralde-Vinent 1996b) . However, the rhyolite and rhyodacite bodies crop out within meters of the granodiorite in some areas and are not separated from it by any known faults, making this relation unlikely. Furthermore, the form of the bodies suggests that they were emplaced on a paleosurface similar to the present surface. At the type outcrop of Las Margaritas, for instance, nearvertical flow banding appears to outline a dome, and most areas of La Sierra Formation form similar small hills. La Mulata Formation consists of columnar andesitic basalt exposed in a quarry between Camagü ey and Nuevitas and in a few other nearby locations. La Mulata Formation is overlain by sedimentary rocks that have been correlated with the Late Campanian-Maastrichtian sequence in the Camagü ey area, although no specific fossil or other age control has been reported (IturraldeVinent 1996b). The vertical orientation of columns in the type outcrop suggests that the La Mulata Formation was also emplaced onto a surface similar to the present surface, and the fresh nature of the rock contrasts with most of the Cretaceous volcanic sequence.
Our age measurements discussed subsequently indicate that La Sierra and La Mulata Formations are younger than the Camagü ey volcanic-intrusive sequence. La Sierra and La Mulata rocks are not the same age, however, and are not parts of a late bimodal volcanic phase of this volcanism as might be inferred from their position in the generalized stratigraphic section (fig. 3 ).
Ar/Ar Age Measurements Made in This Study
Intrusive Rocks. None of the material collected from the plagiogranite, as defined by Pé rez and Sastroputro (1997) , was suitable for Ar/Ar age measurements. Useable material was obtained from the syenite and granodiorite phases. Syenite. We analyzed four samples from the syenite phase of Pé rez and Sastroputro (1997), including one from Palo Seco quarry (C-00-03A), another from a small pit immediately south of Deseada Hill (C-98-3), and a third from Las Piedras (C-00-06), which have been mapped as a single large syenite intrusion north of Guaímaro. All of these samples consist of abundant coarse-grained feldspar, plagioclase, and quartz with minor hornblende and biotite and relatively abundant sphene. Although all minerals in these rocks lack obvious late-stage phyllic alteration, the feldspars do not form well-defined grains and appear to have been recrystallized or metasomatized. The fourth sample, C-00-20, is a hornblende-bearing mafic rock from Jimbambay, 15 km southeast of Camagü ey, that has been mapped as part of the syenite but is clearly much more mafic. This sample consists of abundant coarse-grained pyroxene and widespread hornblende, some of which rims pyroxene and interstitial plagioclase that is altered locally to calcite. This sample yielded an unusually deep emplacement estimate from hornblende barometry, as noted previously and might be an autolith from deeper in the intrusive system. Two grains of K-feldspar from C-00-03A yielded total-gas ages of (McDougall and Harrison 1999) at about 73 Ma, and the Guaímaro syenite (C-98-3) cooled through the biotite blocking temperature of 300Њ-350ЊC at about the same time. The disturbed spectra of Las Piedras biotite (C-00-6) indicate that this unit cooled below the biotite blocking temperature by 70-65 Ma and might not be part of the Guaímaro pluton as currently mapped.
Granodiorite. We analyzed four samples of the granodiorite from the Sibanicú -Las Tunas intrusion. Sample C-98-2 is granodiorite from dikes that cut syenite (C-00-03A) in the Palo Seco quarry, and three other samples (C-00-10, 17, 18) are from larger, stock-like intrusions. Samples are equigranular to porphyritic with phenocrysts of hornblende and plagioclase in a matrix containing plagioclase, K-feldspar, hornblende, biotite, and variable amounts of quartz. Some biotite rims hornblende and feldspars are altered locally to epidote and calcite. Samples of granodiorite were also analyzed from the Maraguá n facies near Las Marias (C-00-05B) and the small La Unió n intrusion that crops out south of the Camagü ey batholith (C-00-09).
Two grains of hornblende from C-98-2 yielded total-gas ages of Volcanic Rocks. Camujiro and Piragua-CaobillaAguilar Formations. Two whole-rock samples of the Camujiro Formation were analyzed in this study. Sample C-00-11 from La Elisa, which was collected about 1 km south of the Camagü ey batholith ( fig. 6 ), contains pyroxene-plagioclase phenocrysts in a fine-grained groundmass of the same minerals plus magnetite. The only indication of al- Ar age spectra from this study (see online appendix for entire set). All error boxes are ‫1ע‬j. A, Feldspar from Palo Seco quarry syenite. Low-temperature part of the spectrum has apparent excess 40 Ar correlating with elevated Cl/K, probably indicating release of gas from fluid inclusions. After this, the apparent age rises from about 70 Ma to about 80 Ma, in a manner typical for plutonic feldspars, suggesting that the sample cooled through its blocking temperature range in the 70-80 Ma interval. B, Hornblende from granodiorite C-00-18 (Macizo Majibacoa). Replicate analyses yielded significantly different results on the same mineral separate. Run 1 gives a typical gas release spectrum for hornblende with a plateau age at 73.1 Ma, which is similar to ages from other hornblende and biotite from granodiorite. Run 2 has lower Ca/K and Cl/K ratios and could represent a different amphibole with somewhat higher argon blocking T or altered hornblende with excess 40 Ar. C, Biotite and (D) hornblende from granodiorite sample C-00-5B-CG (Las Marias). Essentially concordant ages indicate rapid cooling through the hornblende and biotite blocking temperatures at about 73 Ma. E, Whole-rock sample of Piragua Formation (C-00-40) that blocked to Ar diffusion at about 73 Ma. Reduced integrated age used to avoid bias caused by internal redistribution of isotopes due to recoil. F, G, La Sierra rhyolite (Las Margaritas) biotite and feldspar samples, indicating probable age of about 72 Ma. H, La Mulata C-00-15 whole-rock sample. Nearly concordant total gas, reduced integrated, and plateau ages suggest that this sample blocked to argon loss at ∼52-53 Ma.
teration in the samples is a second mafic phenocryst, probably olivine, that has been altered to chlorite and other phases. Sample C-00-22 from La Unió n is about 5 km south of the Camagü ey batholith. In thin section, this sample consists of fresh pyroxene and altered olivine(?) phenocrysts in a groundmass with patches of remnant plagioclase microlites surrounded by clay alteration. Two aliquots of sample C-00-11 yield total-gas ages of Ma and Ma with irregular 73.2 ‫ע‬ 0.5 75.0 ‫ע‬ 0.9 plateau-like segments after the first few gas fractions and reduced integrated ages of Ma 73.7 ‫ע‬ 0.5 and Ma. Ar in this sample came pre-75.7 ‫ע‬ 0.9 dominantly from fine-grained igneous feldspar in the groundmass. Two aliquots from sample C-00-22 yield total-gas ages of Ma and 67.7 ‫ע‬ 0.1 Ma and include an early released gas 67.7 ‫ע‬ 0.2 fraction of very low age. The final 80% of gas released from the aliquots yielded irregular age spectra. For both runs, elimination of the first two gas fractions gives reduced integrated ages of 72.3 ‫ע‬ Ma and Ma, respectively. The ex-0.2 73.0 ‫ע‬ 0.2 tensive alteration of this sample is reflected in its Ca/K ratio, which is low for basalt, indicating that Ar was derived largely from K-bearing mica.
Three whole-rock samples from the Piragua Formation were analyzed, including one from La Eugenia (C-00-40) and two from Santa Clara (C-00-41, 42). In thin section, C-00-40 consists mostly of fresh pyroxene and plagioclase phenocrysts in a groundmass of medium-grained plagioclase and pyroxene. A second mafic phenocryst, probably olivine, is completely altered. Sample C-00-41 is a fine-grained tuff with large crystals of K-feldspar and chloritized fragments in a very fine-grained matrix with clay alteration. Sample C-00-42 is a volcaniclastic rock with a wide range of fragment types, including possible shell fragments. Feldspar phenocrysts and fragments, including abundant, relatively fresh K-feldspar, are widespread in the rock. Most mafic minerals have been completely altered to chlorite and clay minerals. Patches of calcite alteration are widespread but do not appear to replace specific minerals, suggesting that they resulted from redistribution of shell-derived calcite rather than release of Ca from the feldspars.
Aliquots of sample C-00-40 from the Piragua Formation yielded total-gas ages of Ma and 75.6 ‫ע‬ 0.2 Ma. The age spectrum for the first ali-72.8 ‫ע‬ 0.2 quot is disturbed, with high ages at low temperatures and a reduced integrated age of Ma 74.1 ‫ע‬ 0.2 for the last ∼90% of the gas released. The age spectrum for the second aliquot exhibits a much flatter age spectrum and a reduced integrated age of Ma over the last 98% of the gas release 73.0 ‫ע‬ 0.2 ( fig. 7D ). Aliquots of sample C-00-41 yielded totalgas ages of Ma and Ma and 64.3 ‫ע‬ 0.2 64.8 ‫ע‬ 0.2 similar age spectra with very low ages at low temperatures. The middle part of the age spectrum is from a low Cl/K mineral, probably K-feldspar. Omitting the first ∼20% of the gas release with low apparent ages, we calculate reduced integrated ages of Ma and Ma, respectively. 71.3 ‫ע‬ 0.2 71.5 ‫ע‬ 0.2 Aliquots of sample C-00-42 yielded total-gas ages of Ma and Ma and produced 72.8 ‫ע‬ 0.3 71.0 ‫ע‬ 0.2 very similar age spectra with high apparent ages at low temperatures, dropping to fairly uniform ages of about 73 Ma over the next 60% of gas released. Highest ages in the spectra have lowest Cl/K ratios and probably reflect outgassing of very small feldspar grains.
As shown in figure 2, interlayered fossil-bearing sedimentary rocks indicate an age of about 100-90 Ma for the Camujiro Formation and 86-80 Ma for the Piragua Formation. None of the Ar/Ar ages obtained in this study is within this range. If these rocks had cooled immediately upon extrusion, unaltered samples such as C-00-11 should yield an age in this range. Instead, this sample yields an age of about 73-75 Ma, essentially the same as ages from altered samples of Camujiro and Piragua volcanic rocks. The main reservoirs for potassium in these rocks are fine-grained feldspar and illite with closure temperatures of 250ЊC or less (McDougall and Harrison 1999) . This suggests that all of the ages reflect cooling related to burial and unroofing of the rocks rather than cooling related to their initial (volcanic) emplacement. The thermal effect of burial was undoubtedly enhanced by intrusion of the Camaguey batholith, particularly the granodiorite facies, which could have heated surrounding volcanic wallrock to temperatures exceeding the closure temperature of feldspar and illite. Thus, the ages reported here probably indicate uplift and cooling of the volcanic-intrusive arc at about 74-72 Ma, which is consistent with the uplift time indicated above for the intrusive rocks.
La Sierra and La Mulata Formations. We analyzed biotite and K-feldspar from rhyolite domes in La Sierra Formation at Las Margaritas and Siete Palmas ( fig. 6 ). Samples C-98-1 and C-98-4 from Las Margaritas consist of phenocrysts of quartz, K-feldspar, and locally oxidized biotite in a flow-banded matrix of devitrified glass. Sample C-00-23A from Siete Palmas consists of sparse phenocrysts of quartz, K-feldspar, and biotite in a flow-aligned matrix consisting largely of small grains of quartz and K-feldspar. Two grains of biotite from Las Margaritas (C-98-1) yielded total-gas ages of 72.9 ‫ע‬ 1. Three whole-rock fragments of a sample from La Mulata Formation (C-00-15) yielded remarkably flat age spectra over approximately 70% of the gas release in all runs. Total-gas ages are Ma, 50.0 ‫ע‬ 0.5 Ma, and Ma. Although pla-52.2 ‫ע‬ 0.3 50.6 ‫ע‬ 0.3 teau ages that pass a x 2 test could have been calculated for these samples, we instead report reduced integrated ages to minimize bias due to internal recoil redistribution effects, in keeping with our procedure with the other whole-rock volcanic samples. Omitting only the first fractions, which have low apparent ages, the reduced integrated ages are Ma, Ma, and 50.8 ‫ע‬ 0.5 53.2 ‫ע‬ 0.3 Ma. 52.0 ‫ע‬ 0.3
Our ages for La Sierra and La Mulata Formations confirm that they are not part of the Cretaceous volcanic sequence, as previously believed. They are also not coeval and cannot be interpreted to indicate bimodal volcanism ending formation of the Cretaceous volcanic arc. Although the three La Sierra samples from Las Margaritas show a relatively large range of ages for biotite and K-feldspar, ages for K-feldspar are not systematically lower than those for biotite. In view of the very different closure temperatures for these two minerals (McDougall and Harrison 1999) , the rock must have cooled rapidly, which is consistent with its emplacement as domes onto the paleosurface. The age of emplacement of these domes was probably 71-72 Ma. Biotites from the Siete Palmas rhyolite suggest that it was emplaced at a slightly earlier time of about 74-75 Ma. Given its very fresh nature and lack of evidence for postdepositional burial, we interpret the age of La Mulata flows to be about 52 Ma.
Comparison with Previous Geochronologic Results
Our results can be compared only in a general way to previous age measurements, most of which were made several decades ago on poorly located samples using largely undocumented analytical methods. Intrusive Rocks. Iturralde-Vinent et al. (1996, table 13 ) compiled 31 K-Ar ages ranging from 157 to 58 Ma on rocks and minerals from the Camagü ey batholith. Almost two-thirds of these ages were determined from whole rocks with reported errors of ‫01ע‬ Ma, and the remaining ages on biotite and feldspar have errors of ‫6-4ע‬ Ma. Although analytical data are not available for any of these ages and their accuracy cannot be verified, they do indicate a pattern consistent with current geologic interpretations.
Figure 8 compares our data with previously measured ages for samples that can be identified as part of the three main divisions of the Camagü ey batholith. Whole-rock samples that can be identified as plagiogranite yield K-Ar ages that range from almost 160 to 70 Ma. K-Ar ages on minerals from the syenite phase range from about 100 to 80 Ma, and mineral and whole-rock ages from the granodiorite phase range from about 90 to 60 Ma. These ranges are far too large to represent emplacement ages and probably represent alteration of these rocks, including possible addition of (excess) Ar, which was not recognized by the K-Ar method used for most analyses. The relative ages, however, are in general agreement with the sequence of intrusive phases proposed by Pé rez and Sastroputro (1997) and Marí (1997) .
We have no data to compare the whole-rock analyses of plagiogranite with because none of our samples was suitable for analysis. As can be seen in figure 8, our ages for the syenite are younger than those reported by Iturralde-Vinent et al. (1996) and younger than the two unpublished Ar/Ar ages of 96.8 and 96.1 Ma for biotite and hornblende, respectively, noted previously for syenite in the Palo Seco quarry. Our ages for the granodiorite facies of the Camagü ey batholith also cover a much smaller range than those reported by Iturralde-Vinent et al. (1996) . Many of the intrusive rock ages reported by Iturralde-Vinent et al. (1996) were measured on whole-rock samples, although several ages for biotite range from about 85 to 60 Ma. In contrast, most hornblende and biotite from our samples of granodiorite yielded plateau ages of about 73 to 74 Ma. 
Geotectonic Significance of Age Measurements to Evolution of the Greater Antilles
Most of our Ar/Ar age measurements for volcanic and intrusive rocks in the Camagü ey area fall within a surprisingly small range of about 75-70 Ma. Available fossil evidence from interlayered sedimentary rocks shows that most of the Cretaceous volcanic rocks in the Camagü ey area are older than these dates. Our data and previous Ar/Ar analyses also indicate that much of the Camagü ey batholith is older than the 70-75 Ma age range. Thus, the Ar/ Ar ages of 75-70 Ma that we have obtained on these older rocks probably reflect uplift and cooling of the Camagü ey volcanic-intrusive arc. This uplift and cooling was relatively rapid. Ar in the volcanic whole rocks came largely from Kbearing feldspars and micas (illite) with closure temperatures of about 250ЊC. Our measurements suggest that the volcanic rocks cooled through this temperature at about 74-72 Ma. Similar interpretations apply to the intrusive rocks on which measurements were made on biotite and hornblende with closure temperatures of about 450Њ-500ЊC and 350Њ-300ЊC, respectively. With the exception of one hornblende grain, our results indicate that the granodiorite cooled through both hornblende and biotite closure temperatures at about 73 Ma. Biotite from one of these samples (C-00-05B) also yielded a very flat plateau age of about 73 Ma, which is best interpreted as a result of cooling. Biotite K-Ar ages reported by Iturralde-Vinent et al. (1996) are the same or younger than ours, which is consistent with this thermal history. Generally concordant ages of about 73 Ma were also obtained for feldspar and biotite in syenite sample C-98-3, from about 1 km north of the Palo Seco quarry.
A few areas of the Camagü ey batholith appear to retain evidence of a slower cooling event. For instance, one grain of hornblende from sample C-00-18 yielded a plateau age of 80 Ma and might reflect cooling through the hornblende closure temperature at about this time, possibly reflecting an emplacement age for at least some of the granodiorite. Similar older ages are indicated for the syenite sample from the Palo Seco quarry (C-00-03A), for which feldspar yielded an age of about 80 Ma, compared with 96 Ma for biotite and hornblende. This difference suggests a relatively slow or episodic cooling history for this part of the syenite. It should be noted that the Palo Seco syenite locality indicating this slower cooling history is mapped as the same syenite body that yielded sample C-98-03. Thus, either these samples are separated by an as yet unrecognized fault or the intrusive bodies retain a locally complex, heterogeneous cooling history.
Our age measurements for La Sierra and La Mulata volcanic rocks provide an important additional constraint on the cooling history of the Camagü ey area. These units were emplaced onto paleosurfaces at about 75-71 Ma and 51 Ma, respectively. Outcrops of La Sierra rocks are widespread enough to indicate that their paleosurface generally parallels the present surface in the Camagü ey area, but our information is not adequate to evaluate this possibility for the surface on which La Mulata rocks were emplaced. It is unlikely that large areas of either paleosurface would have persisted to the present time. Any paleosurface related to La Sierra rocks would have been deformed and dissected by thrusting related to collision of Cuba with the Bahamas Bank, and both paleosurfaces would have been covered by Late Cenozoic sediments, especially the Miocene Vá zquez, Arbos, and Gü ines Formations that are widespread in the Camagü ey area (Iturralde-Vinent 1995) .
An alternative interpretation, that our La Sierra and La Mulata ages resulted from postdepositional burial and uplift of rocks that formed as part of the main Cretaceous volcanic-intrusive arc, is less likely. The fine-grained to glassy, unaltered nature of La Sierra rhyolite and the general concordance of biotite and feldspar ages indicate that it underwent rapid cooling during emplacement. La Mulata volcanic rocks are also unusually fresh when compared with the older volcanic sequence. Furthermore, post-Maastrictian-age sedimentary sequences are not thick enough to have generated temperatures sufficient to reset feldspars or biotites in these volcanic units. Thus, ages for these rocks are best interpreted to represent their age and the time that they were emplaced on a paleosurface. Figure 9 shows the cooling history for the Camagü ey volcanic-intrusive arc indicated by this interpretation. Cooling paths shown here represent conditions in the intrusive rocks, which are constrained in part by information from La Sierra and La Mulata volcanic rocks that were emplaced onto erosion surfaces underlain directly by the intrusive rocks. Ages for hornblende, biotite, and feldspar from the Palo Seco syenite suggest an average cooling rate of 13ЊC/Ma between about 96 and 80 Ma. Ages of 73-70 Ma for hornblendes, biotites, and feldspars from other syenites suggest even more rapid cooling rates from magmatic temperatures to surface temperatures within a few million years or reheating of older syenite by emplacement of the granodiorite. Ages of 70-75 Ma for hornblende and biotite from the granodiorites indicate that they cooled at very rapid rates of at least 40ЊC/Ma during this period. Similarly rapid cooling rates are required to permit emplacement of La Sierra rhyolite on a paleosurface that exposed the granodiorite and syenite. Emplacement of La Mulata flows on the same or a similar paleosurface at about 51 Ma requires either that the paleosurface remained exposed or, if it was buried, that at least part of it returned to the surface at that time.
The cumulative cooling history indicated by these observations suggests that the upper several kilometers of volcanic and plutonic rocks in the Camagü ey volcanic-intrusive arc were removed between about 75 and 70 Ma. This could have been caused by erosion or tectonic processes. Erosion rates of 0.25-5.2 km/m.yr. have been estimated for convergent margin settings in Borneo, New Guinea, and China, as well as the Himalayas and Alps (Barr and Dahlen 1989; Dahlen and Barr 1989; Hall and Nichols 2002) . The higher of these rates could remove enough rock to expose a batholith emplaced at a depth of several kilometers within the short time interval estimated for the Camagü ey area. However, erosion rates of this magnitude are found only in mountainous regions, and they decrease significantly as topographic relief decreases, thus extending the time required to form low relief surfaces such as the one on which La Sierra rhyolite domes were deposited (Weiland and Cloos 1996) .
Tectonic unroofing aided by erosion is the most likely mechanism to form the paleosurface hosting La Sierra rhyolite. At convergent margins, oblique convergence commonly causes extension and rapid unroofing, accompanied by differential uplift and formation of local sedimentary basins (Suydam and Gaylord 1997; Dimitriadis et al. 1998; Grocott and Taylor 2002; Hall 2002; Morley 2002; Kubo and Fukuyama 2003) . Tectonic unroofing of this type could have taken place in the Camagü ey area as the Greater Antilles and Caribbean plate moved northward into the present Caribbean region. According to most models for the tectonic evolution of the Caribbean region, the western end of the Greater Antilles (Cuba) underwent oblique collision with the Yucatan peninsula during this time (Pindell 1994; Stanek and Voigt 1994; IturraldeVinent 1998; Kerr et al. 1999; Stanek et al. 2000; Pindell et al. 2001) .
Oblique collision along the Yucatan-Cuban margin could have produced an extensional tectonic environment that created the Late Cretaceous paleosurface. Structural and paleomagnetic observations of the type required to determine the geometry of the tectonic processes generating abrupt uplift of the Camagü ey area during latest Cretaceous time are not available at present. Recognition of these features will be complicated because they are overprinted by the effects of collision of the Cuban arc with the Bahamas platform, which resulted in extensive north-directed thrusting and formation of the Paleocene-Eocene Sierra Maestra volcanic arc (Iturralde-Vinent 1996d Stanek et al. 2000; Pindell et al. 2001) . One observation that can be cited in support of an extensional structural setting during this latest Cretaceous period is the Jacinto epithermal vein deposit itself. Jacinto is a conjugate vein system consisting of a main vein set with a strike of about N40ЊW and a subsidiary vein set with a strike of about N70ЊW (Simon et al. 1999) . As noted by Simon et al. (1999) , these veins could not have formed during compression of the arc in its present orientation. Instead, the veins appear to require extension parallel to the present elongation of the arc such as might result from oblique convergence between Cuba and Yucatan. As shown in figure 10, the orientation of this extension is consistent with the probable direction of oblique collision between Cuba and Yucatan.
Further support for a Late Cretaceous paleosurface in the Camagü ey area is seen in the presence of uplifted basement blocks in western Cuba. Grafe et al. (2001) have shown that extension at about this time unroofed high-grade metamorphic rocks in the Escambray Massif of south central Cuba, and Draper (2001) has suggested a similar uplift pattern for metamorphic rocks of the Isle of Pines (Isle of Youth). The Escambray Massif contains metamorphic rocks typical of deeper levels in the crust, whereas the Camagü ey area consists of rocks that probably came from shallower levels in the crust and required less uplift, as would be expected if the effects of the oblique collision decreased eastward away from the Yucatan-Cuban contact.
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